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Abstract: Protonic ceramic fuel cells (PCFCs) offer a convenient means for electrochemical conversion
of chemical energy into electricity at intermediate temperatures with very high efficiency. Although
BaCeO3- and BaZrO3-based complex oxides have been positioned as the most promising PCFC
electrolytes, the design of new protonic conductors with improved properties is of paramount
importance. Within the present work, we studied transport properties of scandium-doped barium
stannate (Sc-doped BaSnO3). Our analysis included the fabrication of porous and dense
BaSn1−xScxO3−δ ceramic materials (0 ≤ x ≤ 0.37), as well as a comprehensive analysis of their
total, ionic, and electronic conductivities across all the experimental conditions realized under the
PCFC operation: both air and hydrogen atmospheres with various water vapor partial pressures
(p(H2O)), and a temperature range of 500–900 ℃. This work reports on electrolyte domain boundaries
of the undoped and doped BaSnO3 for the first time, revealing that pure BaSnO3 exhibits mixed
ionic–electronic conduction behavior under both oxidizing and reducing conditions, while the
Sc-doping results in the gradual improvement of ionic (including protonic) conductivity, extending the
electrolyte domain boundaries towards reduced atmospheres. This latter property makes the heavilydoped BaSnO3 representatives attractive for PCFC applications.
Keywords: BaSnO3; protonic ceramic fuel cells (PCFCs); proton transport; perovskite; hydration;
electronic conductivity

1

Introduction

The need to facilitate the efficient production, conversion,
* Corresponding authors.
E-mail: I. A. Zvonareva, fair696@yandex.ru;
D. A. Medvedev, dmitrymedv@mail.ru

and storage of “green” energy presents a significant
contemporary challenge. Solid oxide fuel cells (SOFCs)
are energy conversion devices that meet the requirements
of environmental friendliness, reproducibility, and
economic feasibility [1–4]. Nevertheless, the high
operating temperatures required for oxygen-ion transport
through BaCeO3- and BaZrO3-based complex oxides
commonly used as electrolytes impose a number of
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restrictions on their widespread use in SOFCs [5–7].
Therefore, the strategy of applying intermediatetemperature proton conductors in these devices is very
promising for lowering the operating temperatures, and
as a result, increasing the lifetime of the SOFC while
maintaining excellent power performance [8–10].
While protons are not part of the structure of the
abovementioned electrolyte materials, they can become
dominant charge carriers under certain conditions (elevated
temperatures and humidity, and oxygen vacancies VO
as structural defects) [11–13]. Due to both small mass
and size of the protons, proton-conducting electrolyte
materials exhibit higher ionic conductivity along with
lower apparent activation energies (Ea) as compared to
their oxygen-ionic equivalents [14]. The latter property
allows SOFCs based on proton conductivity to operate
effectively at low temperatures of 400–500 ℃ [15–17].
While much attention is paid to the electrode materials
of protonic ceramic fuel cells (PCFCs), fewer material
science studies have been carried out on electrolyte
materials. This is due to the main representatives of
proton-conducting electrolytes already being well
established. For example, barium cerates and barium
zirconates such as BaCeO3 and BaZrO3 are widely
considered to be the most attractive systems [18–20].
However, these systems also have their own disadvantages:
chemical instability in barium cerates and insufficient
electrical conductivity (σ) in barium zirconates. One of
the strategies used to overcome these shortcomings
involves the design of Ba(Ce,Zr)O3 solid solutions [20–
23]. Nevertheless, such a compromise is difficult to
achieve since acceptable stability is only achieved at
high Zr concentrations in these solutions, which is
unfavorable in terms of grain boundary transport [24].
Another strategy is to partially eliminate the disadvantages
by doping the basic composition. For instance, despite a
slight decrease in ionic conductivity, doping with tin
increases the chemical stability of BaCeO3-based
electrolyte materials when they are exposed to carbon
dioxide and water vapor atmospheres [25]. An isovalent
substitution with tin in the barium zirconate system
also produces positive effects, e.g., an increase in both
hydration and proton conductivity, as confirmed by
several studies [26–28]. Based on the favorable changes
observed in the properties of both cerates and zirconates
from tin doping, it is also of interest to carry out a
detailed study into the use of barium stannate materials as
proton-conducting electrolytes.
The data on barium stannates doped with acceptor

impurities have been published. Wang et al. [29,30]
experimentally demonstrated that scandium is the most
suitable dopant, providing a sufficiently high ionic
conductivity compared with In, Y, and Gd as dopants
in BaSn0.875M0.125O3−δ and BaSn0.75M0.25O3−δ systems.
Similar conclusions about the advantages of scandium
were shown in a theoretical study by Putilov et al. [31],
which considered hydration and the theory of defect
formation. Wang et. al. [29,30] also studied a BaSnO3
system with a wide range of acceptor impurity
concentrations. However, the electrical properties were
investigated only for the samples with a high doping
level [32,33]. In this study, wide concentration ranges
of solid solutions as well as basic (undoped) oxide
were obtained and characterized. Therefore, this work
presents a comprehensive analysis, linking that the
effects of external factors realized under PCFC operation
(temperature, air/hydrogen atmospheres, and water
vapor partial pressures (p(H2O))) on the transport
properties of scandium-doped barium stannate (Scdoped BaSnO3).

2
2. 1

Experimental
Preparation and characterization of materials

BaSn1−xScxO3−δ powders (0 ≤ x ≤ 0.37) were
synthesized via the solid-state reaction route using
BaCO3 (99.98%, Sigma-Aldrich, USA), SnO2 (99.9%,
Sigma-Aldrich, USA), and Sc2O3 (99.9%, SigmaAldrich, USA) as starting reagents. Stoichiometric
amounts of dried reagents were thoroughly mixed using a
planetary mill (Pulverisette 7 premium line, Fritsch,
Germany) in acetone at 700 r·min−1 over a period of
20 min. The mixture was dried and then calcined at
1100 ℃ for 5 h. Next, one set of samples was prepared
via the addition of 0.5 wt% CuO to the synthesized
powders, while a second set was prepared without
sintering additives. Then all the powders were mixed
again, pressed into pellets at 140 MPa, and sintered at
1500 ℃ for 5 h. The relative density of the synthesized
ceramic samples was determined by the geometric method.
The X-ray powder diffraction (XRD) analysis was
performed applying a D/MAX-2200VL/PC diffractometer
(Rigaku Co., Ltd., Japan) via the Cu Kα–radiation (λ =
1.54 Å) at room temperature in ambient air in the 2θ
range of 20°–85°. Rietveld refinement analysis was
carried out using the FullProf software for determining
the structural parameters. A surface morphology was
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examined using a scanning electron microscope (SEM;
MIRA 3 LMU, TESCAN, Czech Republic).
2. 2

Transport properties

The main theme of this work is the evaluation of
transport properties of the Sc-doped BaSnO3 materials
at high temperatures. Previously, the bulk and grainboundary conductivities were thoroughly studied for a
similar system by the alternating current (AC) impedance
spectroscopy [34]. It was found that at temperatures
above 350 ℃, the total σ of stannates is determined by
the bulk component. Therefore, the electrical data
obtained at higher temperatures (500–900 ℃) can be
related to the bulk properties.
2.2.1

Conductivity measurements as a function of
temperature

Measurements of σ depending on temperature were
carried out by the four-probe DC method under air and
hydrogen atmospheres in controlled humidity conditions
(0.001 atm ≤ p(H2O) ≤ 0.3 atm). The required p(H2O)
value was achieved by passing air flow through a water
bubbler heated to a temperature providing the saturation.
A dry atmosphere was maintained using calcined zeolites.
2.2.2

Conductivity measurements as a function of
oxygen partial pressure

The four-probe method at direct current (DC) was also

employed for conductivity measurements as a function
of p(O2) via a specially-designed yttria-stabilized
zirconia (YSZ) cell (Fig. S1 in the Electronic
Supplementary Material (ESM)). Two pairs of
platinum electrodes were symmetrically applied on the
inner and outer parts of the cell to serve as an
electrochemical oxygen pump and sensor. The
temperature and p(O2) within the electrochemical cell
were controlled and adjusted by a zirconia-318 automatic
microprocessor. A Pt–Pt/Rh thermocouple placed near
with the sample was used to regulate the temperature
inside the furnace. Four platinum wires fulfill as
potential and current probes were fixed on ceramic
samples. In order to improve the contact, the junction
of the platinum wires was coated with a platinum ink.
The measurements were provided in the temperature
range of 600–900 ℃, while cooling in logp(O2) range
from ambient air (logp(O2) = −0.67, p(H2O) = 0.02 atm)
to 10−18 atm. The logp(O2) measurement step was 0.5,
and the sample was kept at each point for 30 min to
establish the equilibrium.

3
3. 1

Results and discussion
Structural characterization of BaSn1−xScxO3−δ

Figure 1(a) presents the XRD patterns for the
BaSn1−xScxO3−δ compounds. According to the collected

Fig. 1 Structural characterizations of BaSn1−xScxO3−δ compounds: (a) XRD patterns; (b) concentration dependence of lattice
parameter; (c) Rietveld refinement analysis performed for undoped barium stannate; and (d) cubic-type perovskite crystal structure.
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data, the samples (0 ≤ x ≤ 0.37) were found to be
single-phase, having a perovskite-type structure of
cubic symmetry (space group Pm3̄m, Fig. 1(d)). An
increase in the dopant concentration beyond 0.37 was
shown to result in an impurity formation. In detail, an
Sc2O3 impurity in a small amount was detected in the
BaSn0.6Sc0.4O3−δ sample. Thereby, further investigations
were carried for the single-phase samples (0 ≤ x ≤
0.37). The lattice parameters were refined using the
Rietveld analysis as demonstrated in Fig. 1(c). According
to this refinement, an increase in scandium concentration
(x) leads to a slight growth of the lattice parameters
(Fig. 1(b)); this can be associated with the difference
between the ionic radii of scandium and tin ions (0.745
and 0.690 Å, respectively, in a VI coordination state).
The observed dependence has a linear form, satisfying
Vegard’s law, i.e., the formation of continuous solid
solutions.
3. 2

Hydration properties

The hydration behavior of BaSn1−xScxO3−δ powder
materials was also recently investigated by the
thermogravimetric method by Putilov et al. [31]. As
can be seen, the hydration degrees of the studied phases
are close to the nominal dopant contents within the
entire concentration range. This behavior is untypical
for perovskite and perovskite-like oxides, since their
hydration degree is significantly lower than the doping
level (especially, at a high doping level, Table 1) due to
a number of crystallochemical factors [35,36]. Similar
effects were observed when tin was introduced into
barium zirconate in Ref. [26]. Therefore, a direct
concentration dependence of the hydration degree on
the tin amount was observed, reaching 97% of the
theoretical value even at 20 at% tin in the Zr sublattice.
3. 3

Table 1 Hydration degrees of the best-studied protonconducting materials
Material

99.9

[31]

BaSn0.7Sc0.3O3−δ

0.24

99.9

[31]

BaSn0.8Sc0.2O3−δ

0.24

97.8

[31]

BaSn0.9Sc0.1O3−δ

0.24

96.9

[31]

SrSn0.8Y0.2O3−δ

0.02

92.3

[37]

BaZr0.6Y0.4O3−δ

~0.02

90.5

[38]

BaZr0.7Y0.3O3−δ

~0.02

89.8

[38]

BaSn0.9In0.1O3−δ

0.24

89.8

[31]

BaZr0.8Y0.2O3−δ

0.019

89.3

[37]

BaSn0.875Sc0.125O3−δ

0.021

85.3

[30]

BaSn0.625Y0.375O3−δ

0.024

84.4

[33]

BaCe0.8Y0.2O3−δ

0.019

84.2

[37]

BaCe0.9Y0.1O3−δ

0.023

82.8

[39]

Ba3(Ca1.18Nb1.82)O9−δ

0.040

80.6

[40]

SrCe0.4Zr0.5Y0.1O3−δ

0.019

78.9

[41]

BaSn0.875Gd0.125O3−δ

0.021

73.3

[30]

La0.9Sr0.1InO3−δ

0.019

71.3

[42]

BaSn0.875In0.125O3−δ

0.021

60.1

[30]

BaSn0.5Y0.5O3−δ

0.024

58.3

[33]

La0.9Sr0.1ScO3−δ

0.019

55.2

[42]

La0.9Ba0.1Yb0.5In0.5O3−δ

0.019

44.8

[43]

BaSn0.75Y0.25O3−δ

0.024

42.6

[33]

SrZr0.9Y0.1O3−δ

0.019

40.6

[37]

BaSn0.5Y0.5O3−δ

0.023

40.1

[39]

SrZr0.95Yb0.05O3−δ

0.040

38.0

[44]

La0.9Ba0.1Yb0.5In0.5O3−δ

0.019

32.9

[43]

La0.9Ba0.1YbO3−δ

0.019

18.3

[45]

SrCe0.9Y0.1O3−δ

0.019

14.8

[37]

VO interact with water vapor at elevated temperatures
according to Eq. (2):
H 2 O(g)  VO••  OO  2OH O

3.3.1 Defect chemistry
In general, barium stannate materials comprise mixed
conductors, in which protons, oxygen ions, electrons,
and electron holes ( h  ) act as the main charge carriers
[33,46]. A necessary condition for ionic transport is the
presence of VO formed due to the doping of the basic
oxide with acceptor impurities (Sc2O3) as Eq. (1)
(according to the Kröger–Vink notation [47]):
3
  VO  3Oo
Sc2 O3 
 2ScSn

BaSnO

( OHO

(1)

) occurs when

Ref.

0.24

Electrical properties

The formation of proton defects

p(H2O) (atm) Hydration degree (%)

BaSn0.63Sc0.37O3−δ

(2)

Along with ionic charge carriers, such systems may
exhibit both n- and p-type electronic defects. In these
oxides, electrons become the dominant charge carriers
under highly reducing atmospheres. In this case, oxygen
chemical potential equilibrium between oxide and gas
phases occurs; as a result, oxygen is removed from its
site, producing VO and charge-compensated electrons:
1
OO  O 2  VO••  2e
2

(3)

Under oxidizing conditions, the chemical potential
of oxygen in a gas phase can be higher than that in an
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oxide; this leads to the oxygen sorption associated with
the appearance of h  :
1
O 2 (g)  VO••  OO  2h 
2

(4)

3.3.2 Oxidizing conditions

Figure 2 shows the temperature dependency of σ
obtained for BaSn1−xScxO3−δ in a dry air atmosphere
(p(H2O) = 0.001 atm). As discussed above, these
materials exhibit predominanthole and oxygen-ion transfer
under dry oxidizing conditions; at the same time, ionic
transfer takes place at relatively low temperatures,
while electronic transfer prevails at higher temperatures.
It can be seen that σ of the stannate ceramic materials
grows gradually with an increase in x (within both low-

Fig. 2 Total σ for the BaSn1−xScxO3−δ ceramic materials
in dry air atmosphere as a functional of reciprocal temperature.

and high-temperature ranges). This indicates that both
levels of oxygen-ionic and electronic conductivities
increase as well. The sample with x = 0.37 exhibited
the highest total σ of 4.9, 10.4, and 17.5 mS·cm−1 at
700, 800, and 900 ℃, which are by ~90, 40, and 15 times
higher than those of the undoped BaSnO3, respectively.
Interestingly, the concentration dependence of the
total σ does not have a maximum that is typical for the
related proton-conducting perovskite systems (Fig. S2
in the ESM). Generally, the most frequently-observed
maxima are associated with defect interaction, which
occurs when an excess of VO is trapped by the acceptor
dopants. This trapping leads to the formation of associates
those are inactive towards transportation processes:
M B  VO  {M B  VO }

(5)

2M B  VO  {M B  VO  M B }

(6)

where M B is an impurity defect in the B-site of
ABO3 perovskite. In detail, the highest σ of doped
BaCeO3 and BaZrO3 materials lies within a 15–20 mol%
range, while the total σ decreases with a further
increase in dopant concentration.
Humidification of oxidizing atmospheres is a favorable
factor for increasing the ionic conductivities of stannates
due to the appearance of a proton component. Generally,
the corresponding dependencies of total σ for
BaSn1−xScxO3−δ attain similar form observed for dry air
(Fig. 3(a)), i.e., the total σ gradually increases with the

Fig. 3 Total σ of the BaSn1−xScxO3−δ ceramic samples: (a) temperature dependency at p(H2O) = 0.30 atm, (b) temperature
dependencies for BaSn0.7Sc0.3O3−δ at different humidification levels; concentration dependencies of the total σ depending on
p(H2O) at (c) 900 ℃ and (d) 600 ℃.
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doping. However, some features can be distinguished
when comparing the obtained curves. As illustrated in
Fig. 3(b) on the example of the sample with x = 0.30,
humidification from p(H2O) = 0.001 to 0.3 atm leads to
a considerable increase in the total σ in the lowtemperature region, while this positive effect diminishes
for the higher temperatures. Evidently, this occurs due
to the features of protonic conductivity:
1) At high temperatures, when the concentration of
proton defects in the perovskite structures is low (Fig.
S2 in the ESM), air humidification has little effect on
the total σ (Fig. 3(c)).
2) Conversely, since the perovskites can be hydrated
at lower temperatures, their total σ increases with a
higher p(H2O) (Fig. 3(d)). While the difference in the
total σ values obtained for dry and humidified
atmospheres is insignificant for weakly-doped
compositions at this low-temperature range, it increases
at higher dopant concentrations. This confirms that the
proton transfer, like the oxygen-ion equivalent, strongly
depends on the concentration of VO created by the
acceptor doping.
Figure 4 summarizes the Ea date calculated for the
total σ of the studied ceramic materials. These data give
important information on transport features in a
qualitative level.

Considering Fig. 5(a), two clear tendencies can be
formulated: (1) the Ea value decreases with increasing
x; (2) the Ea value decreases with a transition from a
high- to low-temperature range (for heavily-doped
samples). Both these tendencies indicate that the
electrolytic domain boundaries of stannates are expanded
with doping and cooling. A certain decrease in Ea also
occurs with air humidification (Figs. 4(b) and 4(c)) as
a result of the improvement of proton transport; the
latter is characterized with a low energy barrier compared
to oxygen-ionic or hole transport [48]. Based on these
data, the Ea values calculated for the partial conductivities
drop from hole conductivity to protonic conductivity.
3.3.3 Reducing conditions

Transport properties of acceptor-doped barium stannates
were also studied in reducing conditions representing
mixtures of hydrogen (H2) and steam (H2O) at different
ratios.
Let us first discuss the transport properties of
BaSn1−xScxO3−δ in a 0.97−H2+0.03−H2O atmosphere
(p(H2O) = 0.03, Fig. 5). In contrast to oxidizing
atmospheres, transport properties of stannates changes
non-monotonously: the total σ decreases at high
temperatures, while it passes through a minimum at
lower temperatures (Fig. 5(c)).

Fig. 4 Ea for the BaSn1−xScxO3−δ materials in oxidizing conditions: (a) concentration dependencies for low- and high-temperature
ranges; (b) concentration dependencies at different humidification levels; and (c) p(H2O) dependencies for various dopant x.

Fig. 5 Temperature dependence of the BaSn1−xScxO3−δ total σ in wet hydrogen atmosphere (p(H2O) = 0.03 atm) at 500–900 ℃
for (a) 0 ≤ x ≤ 0.10 and (b) 0.10 ≤ x ≤ 0.37, as well as (c) its concentration dependencies.
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The high σ for the undoped BaSnO3 (0.46 S·cm−1 at
600 ℃ and 2.29 S·cm−1 at 900 ℃) can be attributed to
the electronic component [49,50]. The n-type σ can be
explained in terms of transfer of localized electrons
formed as Eq. (7):
x
  VO  1/2O2
SnSn
 OOx  Sn Sn

(7)

The acceptor doping results in the appearance of
VO , which improves ionic transport and inhibits the
deep reduction of the tin ions despite electrons remaining
the predominant charge carries. As a result, the total σ
decreases gradually with increasing x at high temperatures.
Since the contribution of electronic σ is reduced under
low-temperature conditions, the log σ–x dependence
initially declines; however, ionic conductivity starts to
prevail for heavily-doped samples, resulting in a further
increase in total σ (see the corresponding concentration
dependence at 600 ℃ in Fig. S3 in the ESM).
The higher conductivity of slightly substituted materials
in contrast with heavily-doped ceramic samples can be
associated with the partial reduction of tin ions to a
divalent state under humidified hydrogen conditions, which
results in a high electronic σ. This assumption is confirmed
by the thermogravimetric analysis results (Fig. S4 in
the ESM), indicating a small mass loss (about 0.8%
under heating up to 900 ℃ ) for BaSnO3 in pure
hydrogen. Nevertheless, even small amounts of reduced
tin ions (~3 at%) acting as localized electron charge
carriers are sufficient for realizing the high total σ,
which is several orders of magnitude higher than that
of the heavily-doped stannates. It is most likely that the
gradual Sc-doping stabilizes the perovskite structure of
BaSnO3, leading to its reduction. As a result, the total σ
decreases due to the diminishing electronic component.
It is interesting to note that the BaSn1−xScxO3−δ ceramic
samples with 0.15 ≤ х ≤ 0.37 exhibit a minimum
in temperature dependencies of total (ionic) conductivity.
This minimum can be associated with two competing

effects: With a gradual increase in temperature, protonic
conductivity deteriorates due to dehydration behavior,
while oxygen-ionic conductivity increases (Fig. 6).
The total σ of the studied materials under reducing
conditions was also measured in the atmospheres with
various p(H2O). At low temperatures (Fig. 7(a)), the
p(H2O) change affects the total σ of heavily-doped
compounds (0.10 ≤ х ≤ 0.37) indicating their
proton-conducting behavior. For the samples with
lower x, the total σ is virtually unchanged due to the
predominant electronic behavior. At high temperatures
(Fig. 7(b)), the concentration of proton defects is very
low: up to 5% at 900 ℃ (0.10 ≤ х ≤ 0.25) and
10% (0.30 ≤ х ≤ 0.37) (Fig. S2 in the ESM).
Therefore, a change in p(H2O) for the BaSn1−xScxO3−δ
compounds, where х < 0.30 demonstrates an insignificant
effect on their σ. On the contrary, visible differences
are found for the samples with 0.25 ≤ х ≤ 0.37.
The calculation of Ea (Fig. 7(c)) confirms the
predominant electronic conduction behavior for the
slightly-doped compounds, which, however, changes
until the ionic conducting behavior with increasing x
and moisturizing of hydrogen atmosphere.

Fig. 6 Temperature dependence of the BaSn1−xScxO3−δ
total σ in humidified hydrogen (the left axis) and the
proton concentration at p(H2O) = 0.03 atm (the right axis).

Fig. 7 Concentration dependencies of σ for the BaSn1−xScxO3−δ ceramic samples at various p(H2O) in hydrogen in (a) lowtemperature and (b) high-temperature ranges; (c) the corresponding Ea in the temperature range of 500–700 ℃.
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3.3.4 Oxygen partial dependencies of total σ

Like many other protonic conductors, barium stannates
generally demonstrate both ionic and electronic
conductivity. There are several approaches for
determining the ionic conductivity against the background
of electronic σ [51]. Among these methods, the simplest
and most effective one is conductivity measurement as a
function of p(O2) under isothermal conditions. According
to the principles of defect formation, a change in the
potential- determining component in a gas phase leads
to an immediate response of the corresponding defects
in a solid. Since σ is closely related to defect
concentration under isothermal conditions, it also
changes with varying p(O2). The analysis of logσ–logp(O2)
allows the separation of regions corresponding to ionic
as well as n- or p-type electronic conductivities.
The experimental logσ–logp(O2) dependencies for
some representative BaSn1−xScxO3−δ system are shown
in Fig. 8. As can be seen, three clearly distinguished
regions can be revealed for all the considered cases
when pumping out from an ambient air atmosphere
(i.e., decreasing p(O2)).
Discussing the nominally-undoped stannate (Fig. 8(a)),
Region I corresponds to a conventional decrease of the
total σ owing to the p-type electronic component. The
considerable increase of total σ in Region II can be
attributed to the partial reduction of tin ions (Sn4+→

Sn 2+ , Eq. (7)). Due to their low disordering, the
appearance of even insignificant amounts of reduced
Sn2+ ions as electron charge carriers and VO as ionic
charge carriers in BaSnO3 can result in an abrupt
growth of total σ. Within Region III, total σ gradually
increases due to the following reduction of tin ions.
For the weakly-doped stannates (Fig. 8(b)), similar
trends occur with a slight difference: An increase in
total σ caused by the tin reduction is less. This
behavior is due to the significant amount of impurity
defects introduced by the acceptor doping.
Figure 8(c) shows the electrical data for the
BaSn0.9Sc0.1O3−δ material. This sample contains a
larger amount of VO ; they apparently inhibit the tin
reduction in Region II as well as in Region III (at low
temperatures). As a result, this ceramic material
displays a so-called “ionic plateau” under reducing
conditions at 600 and 700 ℃, as well as mixed ionic–
electronic conductivity under oxidizing conditions.
For the heavily-doped barium stannate (x = 0.30,
Fig. 8(d)), the logσ–logp(O2) dependencies attain
classical behaviors peculiar to BaCeO3 and BaZrO3
proton-conducting materials: With a gradual decrease
in p(O2), the total σ first decreases (due to the hole
component), reaching a plateau corresponding to
mainly proton σ (Region II*), and then slightly decreases
(due to the proton component) due to a decrease in the
equilibrium p(H2O) [52].

Fig. 8 Total σ of BaSn1−xScxO3−δ as a function of p(O2) for (a) x = 0, (b) x = 0.03, (c) x = 0.10, and (d) x = 0.30.
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Transport properties of dense materials

3.4.1 Microstructural features

In this study, 0.5 wt% CuO was applied for obtaining
dense samples based on the studied stannates. This
approach involving the introduction of small amounts
of sintering additives is considered as one of the most
convenient approaches for improving the densification
behavior of BaCeO3 - and BaZrO3 -based protonconducting materials [53,54]. Figure 9(a) demonstrates
a significant increase in the relative density of the
BaSn1−xScxO3−δ ceramic samples from 70%±5% to
91%–97% after adding CuO. It is interesting to note

that although such a phenomenon was detected for
some concentration systems: BaCe1−xInxO3−δ [55],
BaZr1−xYxO3−δ [56], and BaCe0.8−xZr0.2InxO3−δ [57], an
increase of the acceptor dopant (scandium) does not
result in the improvement of the relative density. The
latter is realized due to the formation of VO , which
promotes sinterability to a certain degree. Conversely,
for the second set of the samples containing CuO, x
comprises an additional factor, contributing to the
achievement of 97% of the maximum theoretical density.
According to Fig. 9(b), the selected examples obtained
with using CuO have a fairly dense microstructure
with no visible pores for highly-doped stannates. The
enlarged grain size observed with increasing scandium
concentration confirms that sinterability activation
occurs with the help not only of the CuO sintering
additive, but also with additional VO formed upon
acceptor doping.
The effect of this type of sintering additive on the
low-temperature transport properties of barium stannates
was previously studied by Mineev et al. [34], who
confirmed that the introduction of 0.5 wt% CuO results
in the point distribution of a Cu-based phase along the
grain boundaries. Although the volume concentration
of this phase did not exceed 3%, this turned out to be
sufficient for the formation of free (or incompletely
covered with CuO) grain boundaries (Fig. S5 in the
ESM). In this view, it is interesting to consider the
influence of the ceramic sample density also on its
high-temperature electrical properties.
3.4.2 Assessment of ionic and electronic conductivity
components

Fig. 9 (a) Relative densities and (b) corresponding SEM
images of dense (0.5 wt% CuO) and porous BaSn1−xScxO3−δ
ceramic samples for x = 0.03, 0.15, and 0.30.

In order to estimate sinterability effects, the transport
properties of the dense materials were measured depending
on p(O2), and then compared with the data obtained for
the porous samples (Fig. 10).

Fig. 10 Total σ of BaSn1−xScxO3−δ dense (solid symbols) and porous (faded ones) ceramic samples as a function of p(O2) for (a)
x = 0.03, (b) x = 0.10, and (c) x = 0.30.
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It can be seen that the obtained dependencies behave
similarly with those measured for the porous samples;
however, the higher σ values of the dense samples are
clearly due to better packing of grains. Since Region II
(Fig. 8) also occurs for the denser samples, it cannot be
attributed to an artifact due to high porosity. Rather it
is most probable that this region is associated with
partial tin reduction, resulting in an impulse increase of
electronic and ionic conductivities. If the ionic
conductivities of the highly-doped samples can be
easily estimated based on the “plateau” (1.41, 1.86,
2.81, and 5.12 mS·cm−1 at 600, 700, 800 and 900 ℃,
respectively; x = 0.3), it is difficult to determine it for
weakly-doped derivatives due to the mentioned impulse
conductivity changes in Region II. However, it is evident
that the ionic conductivity of such samples should be
lower than the minimal level of total σ in Region I (i.e.,
below 0.13, 0.28, 0.52 and 1.38 mS·cm−1 at 600, 700,
800 and 900 ℃, respectively; x = 0.03). In this regard,
we should criticize work of Akbar et al. [58], where
anomalously high ionic conductivity (by ~3 orders of
magnitude higher than expected) was reported for pure
BaSnO3: 0.23 S·cm−1 at 550 ℃. Our comparative results
(Figs. 8 and 10) show that the ionic conductivity of
BaSnO3 in a dense state should be lower than that of
dense BaSn0.97Sc0.03O3−δ material.
Finally, it is important to compare σ of the most
conductive BaSn0.7Sc0.3O3−δ with similar values of other
proton-conducting representatives. Table 2 provides
Table 2 Ionic (predominantly protonic) σ of protonconducting materials determined within the electrolytic
domain boundary region of the logσ–logp(O2) dependences
σ@600 ℃
(mS·cm−1)

σ@700 ℃
(mS·cm−1)

Ref.

BaSn0.3Sc0.3O3−δ

1.4

1.9

This work

BaCe0.8Y0.2O3−δ

0.6

1.1

[59]

BaCe0.9Gd0.1O3−δ

5.8

—

[52]

BaCe0.7Zr0.1Y0.2Yb0.1O3−δ

6.0

—

[60]

BaCe0.7Zr0.1Y0.2O3−δ

9.0

15.2

[61]

BaZr0.8Y0.2O3−δ

—

11.0

[62]

BaZr0.8Y0.2O3−δ

—

11.4

CaZr0.95Sc0.05O3−δ

0.30

1.14

[64]

CaHf0.9Sc0.1O3−δ

0.1

0.4

[65]

La0.9Ba0.1YbO3−δ

—

3.1

[45]

La0.9Sr0.1Y0.9Yb0.1O3−δ

—

0.3

[66]

Ba2In0.68Al0.32O5

—

0.2

[67]

Ba1.1La0.9InO3−δ

0.1

0.2

[68]

Ba1.1La0.9Y0.5In0.5O3−δ

—

0.3

[69]

Material

[63]

such a comparison. One can see that BaCeO3- and
BaZrO3-based electrolytes remain to be the most
pronounced protonic electrolytes whose ionic conductivity
is higher by 1–2 orders of magnitude than those of
other oxygen systems. In this regard, the studied stannate
occupies an intermediate place in the discussed
conductivity level scale.

4

Conclusions

In this paper, the electrical properties for the wide
concentration range of the BaSn1−xScxO3−δ compounds
were investigated by varying temperatures, p(O2), and
p(H2O) as external parameters. It was found that the
scandium solubility limit is 37 mol%, while the formation
of a Sc2O3 impurity phase was revealed at a higher
doping level. Under dry oxidizing conditions, both
ionic and electronic conductivities increase with increasing
the dopant concentration. These dependences do not
demonstrate maxima, which is an inherent property for
similar perovskite systems. A considerable increase in
the total σ at low temperatures occurs with gas
humidification up to p(H2O) = 0.3 atm. At the same
time, such behavior is undetermined in the hightemperature range due to the proton conductivity
nature. In the 0.97−H2+0.03−H2O atmosphere, a
significant n-type σ has been revealed for the undoped
BaSnO3 due to the partial tin reduction to a divalent
state, reaching 0.46 S·cm−1 at 600 ℃ and 2.29 S·cm−1
at 900 ℃. The dependences of the total σ on p(O2)
correlate with the measurement data under the
abovementioned conditions. A sharp increase in σ,
associated with the tin reduction, is also observed at
logp(O2) ≈ −4. The transport properties of both porous
and dense (with 0.5 wt% CuO) samples were compared
within the framework of p(O2) measurements. For the
dense samples, the obtained curves have a similar slope
to porous ones, and their total conductivity level is
higher by around one order of magnitude. Thus, barium
stannate appears predominantly the ionic or electronic
conductor, depending on the dopant amount, and opens
up broad prospects for its use as both electrolyte and
electrode materials for SOFCs.
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